Autophagy is a highly regulated cellular mechanism that leads to degradation of long-lived proteins and dysfunctional organelles. The process has been implicated in a variety of physiological and pathological conditions relevant to neurological diseases. Recent studies show the existence of autophagy in cerebral ischemia, but no consensus has yet been reached regarding the functions of autophagy in this condition. This article highlights the activation of autophagy during cerebral ischemia and/or reperfusion, especially in neurons and astrocytes, as well as the role of autophagy in neuronal or astrocytic cell death and survival. We propose that physiological levels of autophagy, presumably caused by mild to modest hypoxia or ischemia, appear to be protective. However, high levels of autophagy caused by severe hypoxia or ischemia and/or reperfusion may cause self-digestion and eventual neuronal and astrocytic cell death. We also discuss that oxidative and endoplasmic reticulum (ER) stresses in cerebral hypoxia or ischemia and/or reperfusion are potent stimuli of autophagy in neurons and astrocytes. In addition, we review the evidence suggesting a considerable overlap between autophagy on one hand, and apoptosis, necrosis and necroptosis on the other hand, in determining the outcomes and final morphology of damaged neurons and astrocytes.
Introduction
Autophagy is a highly regulated process involving the bulk degradation of cytoplasmic macromolecules and organelles in mammalian cells via the lysosomal system. In addition, autophagy is induced under starvation, differentiation, and normal growth control to maintain homeostasis and survival [1] [2] [3] ; however, it is also involved in neurodegenerative disorders and can trigger a form of programmed cell death (Type II death) distinct from apoptosis in neurons [4] [5] [6] [7] . Accumulating evidence indicates that autophagy is activated and may be involved in the regulation of neuronal death in different animal models of ischemic brain injury, including hypoxiaischemia (HI) and global and focal ischemia [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Recently, using a permanent focal cerebral ischemia model of stroke and an oxygen and glucose deprivation (OGD) model in primary cultured astrocytes, the authors show that autophagy is activated in ischemic astrocytes and contributes to astrocytic cell death [18] . Therefore, in this review, we systematically discuss the activation of autophagy during cerebral ischemia and/ or reperfusion not only in neurons but also in astrocytes, the role of autophagy in neuronal and astrocytic cell death and survival, and the mechanisms of autophagy activation and its regulation. In addition, we review what is known about the crosstalk between autophagy and apoptosis, between autophagy and necrosis, and between autophagy and necroptosis in determining the outcomes and final morphology of damaged neurons and astrocytes.
Different types of neural cell death in the ischemic region
There are three types of neural programmed cell death (PCD) induced by cerebral ischemic and/or hypoxic injury: (1) necrosis, (2) apoptosis, and (3) autophagy.
Neuronal cell death following cerebral ischemia has traditionally been termed necrosis. Necrosis is the end result of a bioenergetic catastrophe that results from ATP depletion to a level incompatible with cell survival and is thought to be initiated mainly by cellular "accidents," such as toxic insults or physical damage ( Figure 1E ). In contrast to apoptosis, necrosis has traditionally been thought to be a passive form of cell death with more similarities to a train wreck than a suicide. However, recent research has found that necrosis is not merely an accident. When caspases were originally identified as the mediators of apoptosis, it was hypothesized that many of their substrates were essential proteins whose destruction ensured the inevitability of cell death. However, caspase-independent cell death is observed in many systems where cells still die even if the executioner is absent. Following an apoptotic stimulus, such as the expression of Bax or treatment with tumor necrosis factor (TNF) or Fas ligand (FasL), the cells will die even in the presence of non-specific caspase inhibitors, such as zVAD-fmk (benzyloxycarbonylVal-Ala-Asp(OMe)-fluoromethylketone), or antiapoptotic molecules, such as Bcl-xL, that prevent caspase activation [19, 20] . Under these conditions, the cells that would normally die by apoptosis exhibit all the hallmarks of necrosis. In some cases, caspase-independent necrotic cell death can be forestalled by treatment with antioxidants or by eliminating the activity of the protein kinase receptor-interacting protein (RIP). These results lead to the idea that necrosis could be "programmed" cellular signaling events that initiate necrotic destruction and could be blocked by inhibiting discrete cellular processes. In 2005, Yuan et al at Harvard University termed "programmed necrosis" as necroptosis.
Apoptosis is a process of cell suicide regulated by different cell signaling pathways, which consists of a series of biochemical events including cell shrinkage, chromatin condensation, and formation of cytoplasmic blebs and fragmentation of nuclear DNA into membrane-bound structure, called "apoptotic bodies", that contain the contents of the cell ( Figure 1C) . At the biochemical level, apoptosis of mammalian cells is characterized by phosphatidylserine exposure and effector caspase activation, the main executors of apoptotic cell death. Studies have proven that delayed cell death induced by cerebral ischemia is apoptotic.
Autophagy is a dynamic and carefully regulated process for the intracellular maintenance of proteins, lipids, and aging organelles [21] [22] [23] . It is characterized by the formation of autophagic vesicles in the cytoplasm, which contain a great deal of cellular components (macromolecules and organelles, Figure 1D ). The degradation of the Golgi apparatus, polyribosomes and endoplasmic reticulum (ER) occurs earlier than nuclear disintegration. During this process, intact mitochondria provide autophagy with the required energy. Research shows that a well-preserved cytoskeleton structure is necessary for autophagic degradation. It has become increasing clear that necrosis predominates in the ischemic core ( Figure  1A ), whereas apoptosis and autophagy are often observed in the penumbra ( Figure 1A ) after cerebral ischemia.
Although the roles of apoptosis and necrosis in ischemic and/or hypoxic brain injury have been studied intensively, the implication of autophagic cell death has only recently been considered.
Autophagy is activated in ischemic and/or hypoxic damaged brain tissue
In recent years, through the use of electron microscopy, immunohistochemistry and Western blots, scholars have confirmed from morphological and biochemical evidence that autophagy is activated in the damaged brain tissue in animal models of ischemic and/or hypoxic cerebral injury, including the transient global cerebral ischemia model, hypoxia-ischemia (HI) model and focal cerebral ischemia model ( Table 1 ). The first hint of autophagy activation dates back to 1995, when using electron microscopic analysis in a transient global cerebral ischemia model in gerbils, researchers found that the volume density of cathepsin B-positive lysosomes markedly increased 3 d after the ischemic insult, while that of autophagic vacuolelike structures also increased at this stage, suggesting that the cathepsin B-immunopositive lysosomes that increase in the neurons after ischemic insult are mostly autolysosomes. Further studies have demonstrated that the delayed death of the CA1 pyramidal neurons after brief ischemia is not necrotic but apoptotic [8] . However, before 2005, there are relatively few examples of neuronal death that meet the necessary morphological criteria of autophagy. One possible reason is that, until recently, sensitive markers for autophagy, similar to those existing for apoptosis, have not been available. Currently, there is increasing interest in whether autophagic cell death Figure 1 . Necrosis, apoptosis and autophagy in focal cerebral ischemia. A: TTC staining showing the ischemic core region (white color) and the ischemic penumbra (periinfarct, A). B, C, D, and E: Electron micrographs [82] . Necrosis is predominant in the ischemic core, whereas apoptosis and autophagy are often observed in the penumbra after focal cerebral ischemia. The main morphological characteristics of necrosis are the vacuolation of the cytoplasm and the breakdown of the plasma membrane (E). Morphologically, apoptosis is characterized by nuclear and cytoplasmic condensation and cellular fragmentation into apoptotic bodies (C). The activation of autophagy induced by HI has been intensively investigated. The extent of ischemic-hypoxic injury depends on the degree of maturation of the brain as well as [24] [25] [26] [27] [28] [29] [30] . Neurons in the immature brain can tolerate a longer period of oxygen deprivation and/or ischemia than the neurons in the adult brain [25, 27] . However, there are conflicting reports that show that the immature brain is less resistant to ischemic-hypoxic brain damage than its adult counterpart [28] . Furthermore, clinical data suggest that outcome and mortality after acute cerebral injury are age-dependent, with more severe injuries in infants than in adults [31, 32] . In 2005, Zhu et al have found that after unilateral HI, the autophagosome-related marker microtubule-associated protein 1 light chain 3-II (LC3-II) is three times more pronounced in adult brains, compared with immature brains, indicating for the first time that autophagy is involved in delayed cell death after cerebral ischemia [9] . Sexrelated differences in cerebral injury and outcome following cerebral stroke or trauma have been considered attributable to the differences in brain structure and function induced by estrogen [33] . In 2006, another report from Zhu et al showed that there are no sex differences in cerebral injury and LC3-II increases after a severe ischemic-hypoxic insult in neonatal mice, suggesting that there is no sex dependence in the induction of autophagy after neonatal HI [10] . Additionally, in 2006, using a modified Levine/Vannucci procedure in adult mice that consists of unilateral common carotid artery occlusion and hypoxia, Adhami et al demonstrated that at the tissue level, HI causes persistent cerebral perfusion deficits even after release of the carotid artery occlusion, which is associated with both platelet deposition and fibrin accumulation within the cerebral circulation [11] . At the cellular level, caspase-3 is not activated, and very few cells completed the apoptotic process. Instead, many damaged neurons show features of autophagic/lysosomal cell death. Together, these results suggest that HI is a powerful stimulus for spontaneous coagulation leading to reperfusion deficits and autophagic/lysosomal cell death in the brain. In 2008, Carloni et al showed that the autophagy marker, Beclin1, is significantly increased a short time after HI, both in the hippocampus and in the cerebral cortex in the neonatal cerebral HI model [12] . More recently, Ginet et al provide strong evidence that severe HI increases not only autophagosomal abundance (increase in LC3-II) but also lysosomal activities (cathepsin D, acid phosphatase, and β-N-acetylhexosaminidase) in the cortex and hippocampus, demonstrating an increase in autophagic flux [13] . Increasing evidence demonstrates that autophagy is also activated in damaged brain tissue after focal cerebral ischemia ( Table 1 ). The evidence comes from a 2005 study showing that the expression of autophagy marker LC3-II is increased in damaged brain tissue after transient middle cerebral artery occlusion (tMCAO) in mice [14] . In 2008, by morphological and biochemical analysis, we have confirmed that focal cerebral ischemia activates the autophagosome/lysosome pathway using a rat model of permanent middle cerebral artery occlusion (pMCAO). Electron microscopic analysis has revealed that autophagosomes and autolysosomes are significantly increased in neuronal cytoplasm in the ischemic cortex after pMCAO in rats. Western blot analysis also has shown that the expression of LC3-II and cathepsin B (a main lysosomal protease of the brain parenchyma) are increased in the ischemic cortex [17] . These observations are also supported by Rami et al, who showed that a dramatic elevation in Beclin1 and LC3 levels in the penumbra of rats challenged by tMCAO [15] , and by Puyal et al, who indicated that lysosomal and autophagic activities are increased in the ischemic neurons after transient focal cerebral ischemia [16] .
In which cells is autophagy activated in the ischemic region?
Autophagy is activated in neurons in the ischemic region Accumulating evidence detected by electron microscopic and immunohistochemical analysis shows that autophagy is activated in neurons in the ischemic cerebral tissue in different animal models of ischemic and/or hypoxic cerebral injury, including the transient global cerebral ischemia model, HI and the focal cerebral ischemia model (Table 1) .
Evidence from electron microscopy is as follows:
With electron microscopy, the intense vacuolization and numerous autophagosomes are observed in neurons in the ischemic region [8, 11, 13, 17] . More importantly, in an adult mouse HI model, the activation of autophagy in different degrees of neuronal injury has been examined in detail. Cortical neurons on the challenged side show vacuole-associated damage ranging from cells harboring multiple cytoplasmic vacuoles ( Figure  2C ) to cells completely lacking cytoplasmic contents ( Figure  2F ). There is also diffuse myelin degeneration and loss of synapses ( Figure 2 , compare B with G). In less damaged neurons, judging from the morphology of healthy mitochondria, there are many vacuole-related structures containing electron-dense material ( Figure 2D , avd) or whorls of membranous material (Figure 2D and 2E; avm). More severely damaged neurons show condensed chromatin in the nucleus, cup-shaped endoplasmic reticulum fragments, swollen mitochondria, and vacuoles that contain little material ( Figure 2G , asterisk) in the cytoplasm. Moreover, many severely damaged neurons exhibit a shrunken nucleus with condensed chromatin surrounded by an extensively lysed cytoplasm but retain an intact plasma membrane ( Figure 2F ). These morphological features are not typical of apoptosis or necrosis. Instead, they suggest an induction of the autophagosomal-lysosomal compartment of programmed cell death [11] . Furthermore, the time point changes of the activation of autophagy/lysosome in neurons after ischemia has been revealed by electron microscopy by finding autophagosomes and autolysosomes that appear in neurons as early as 1 h after pMCAO and continue to increase from 3 to 12 h. Sometimes, autophagosomes with engulfed organelles are found. At 6 h after ischemia, damaged neurons display fragmented ER membranes and condensed chromatin. At 24 h after ischemia, cell shrinkage, large chromatin clumps, nuclear condensation/fragmentation, swollen cytoplasm, damaged organelles and deteriorated membranes co-exist in the same neuron [17] . In addition, intense vacuolization and numerous autophagosomes appear at 6 h post-HI and are npg more abundant at 24 h in the dying neurons [13] .
Evidence from double immunolabeling was observed as follows:
An increase in punctate LC3 or Beclin1 is observable in the ischemic neurons by double immunolabeling [12, 13] . This increase in the expression of autophagy markers mainly occurs in the border of the lesion but also in some neurons inside of the lesion [13] .
Autophagy is activated in astrocytes in the ischemic region Whether autophagy is activated in astrocytes in ischemic brain injury and contributes to astrocytic cell death is largely unknown. More recently, using a rat model of pMCAO in vivo and OGD in primary cultured astrocytes in vitro, the authors have dynamically observed that autophagosomes appear in the cytoplasm of astrocytes in both the ischemic cortex 1 h after pMCAO and the primary astrocytes 1 h after OGD.
The most abundant autophagosomes are observed 3 h after pMCAO and OGD. The number of lysosomes is significantly increased 6 h after pMCAO and OGD. Both apoptotic and necrotic morphological features are seen in the same astrocytes 12-24 h after pMCAO and OGD. Autophagic vacuole analysis with MDC (monodansylcadaverine) staining shows that a large number of fluorescent particles appears in the astrocytes 0.5 h after OGD [18] and reaches a peak at 3 h (Figure 3 ). Western blot analysis in primary cultured astrocytes after OGD [11] .
www.nature.com/aps Xu M et al Acta Pharmacologica Sinica npg demonstrates that autophagy-related proteins LC3 and Beclin1 as well as the lysosomal-related protein cathepsin B and the lysosome associated membrane protein 2 (LAMP2) increase in the injured astrocytes. Taken together, the autophagy/lysosome pathway (ALP) is activated in the ischemic astrocytes in both in vivo and in vitro ischemic or hypoxic models [18] .
Autophagy is activated in endothelial cells in the ischemic region Autophagy activation has recently been implicated in endothelial cells in the ischemic region. Many blood vessels in the peri-infarct region show a higher level of GFP (green fluorescent protein)-LC3 expression and punctate GFP-LC3 dots in the endothelial cells at 18 h in the HI-induced GFP-LC3 transgenic mice [11] .
Mechanisms of autophagy activation in ischemic and/or hypoxic brain injury
Ischemic brain injury causes death in both neurons and astrocytes [34] . Calcium-overload, excitotoxicity, ER stress and oxidative injury, and caspase-mediated apoptosis have been implicated as major injury mechanisms [35, 36] .
ER stress and oxidative stress
Previous reports have demonstrated that the ER is involved in ischemic neuronal cell death, protein synthesis inhibition [37, 38] , phosphorylation of phospho-extracellular signal-regulated kinase (PERK) [39] and eukaryotic initiation factor 2 alpha (eIF2α) [40] , depletion of the ER calcium pool [41] , accumulation of unfolded proteins in the ER [42] , and induction of the ER molecular chaperone [43] . An increasing number of studies indicates that autophagy is induced by ER stress in organisms from yeast to mammals [44, 45] . Hypoxia activates the ER-resident translation initiation factor eIF2α and PERK, and eIF2α kinase regulates starvation-and virus-induced autophagy.
Another common intracellular stress that effectively leads to the induction of autophagy is oxidative stress. More recently, it has been demonstrated that oxidative stress activates autophagy in dopaminergic neuronal cell lines and cultured primary astrocytes [46] [47] [48] . Together, ER stress and oxidative stress may be important mechanisms of autophagy activation in ischemic brain injury. However, there is still a lack of direct evidence.
Excitotoxicity
Glutamate excitotoxicity mediated by N-methyl-D-aspartic acid (NMDA) receptor activation plays a key role in many aspects of cerebral ischemic injury. Excitotoxicity is the basis for necrotic cell death in the ischemic core and the initiator of programmed cell death in the ischemic penumbra. NMDA agonists induce the activation of autophagy in damaged neurons in the striatum [49] . Excitotoxicity-mediated activation of autophagy may be associated with the activation of the c-Jun N-terminal kinase (JNK) signaling pathway, which is one of the most important NMDA receptor-mediated signal pathways. JNK are mitogen-activated protein kinases encoded by three genes: Jnk1, Jnk2, and Jnk3 [50] . Each gene is alternatively spliced to produce one or two variants of 46 and 54 kDa, which generates a total of at least 10 JNK isoforms with potentially different pro-survival and pro-death roles [51] . Among its pro-death roles, JNK has been shown to be important for neuronal death after excitotoxic stress because of its involvement in necrosis and apoptosis [52] [53] [54] . In cerebral ischemia, JNK has become an accepted target for neuroprotection because small-molecule inhibitors [55] or cell-penetrating peptides [56, 57] such as D-JNKI1 (d-c-Jun N-terminal kinase 1 inhibitor), a cell-permeable peptide inhibitor of the JNK pathway, have been shown to be a powerful neuroprotective agent after focal cerebral ischemia in adult mice and young rats. D-JNKI1 has also been found to have a potential neuroprotective effect in a clinically relevant model of neonatal cerebral HI and to reduce autophagosome formation in the thalamus, suggesting that the JNK signaling pathway involves HI-induced autophagic cell death [58] .
Contributions of autophagy activation to neural cell survival and death in ischemic and/or hypoxic cerebral injury
Mild or moderate activation of autophagy promotes neural cell survival Autophagy plays a key role in neuronal survival. Knockout mouse studies targeting Atg5 or Atg7 elegantly demonstrate that neurons require at least basal levels of autophagy for the maintenance of health and function in vivo [59, 60] . 3-methyladenine (3-MA) and wortmannin, two inhibitors of autophagy, dramatically reduce Beclin1 expression and switch the mechanism of cell death modes from apoptosis to necrosis. Conversely, rapamycin, an inducer of autophagy, augments Beclin1 expression, diminishes necrotic cell death, and decreases brain injury after neonatal HI. A prophylactic treatment with simvastatin or hypoxic preconditioning also upregulates Beclin1 expression. Taken together, these data indicate that autophagy is increased in neuronal cells after neonatal HI and suggest that the activation of autophagic pathways represents a potential protective mechanism in the early stages of brain injury [12] . Elevated amounts of caspase-3-positiveand Beclin1-positive cells have been found in the penumbra of rats challenged by cerebral ischemia at 6-24 h. However, not all caspase-3-positive cells are also Beclin1-positive and not all Beclin1-expressing cells are caspase-3-positive. Semiquantitative assessment shows that approximately 30% of cells in the penumbra present both the activation of caspase-3 and the up-regulation of Beclin1, indicating that Beclin1 may possess a repair function via autophagy [15] .
Overactivation of autophagy promotes neural cell death Theoretically, autophagic cell death is caused by lysosomal enzymes; thus, we and other scholars hypothesize that persistent or severe cerebral ischemia overactivates autophagy, which causes cell self-digestion and induces neural cell death. Emerging evidence indicates that ALP activation induced by focal cerebral ischemia contributes to neuronal cell death. [18] . These neuroprotective effects are associated with the inhibition of the up-regulation of LC3-II and cathepsin B in the rat brain or primary cultured astrocytes challenged by cerebral ischemia or OGD. These studies strongly suggest that ALP is activated not only in ischemic neurons, but also in ischemic astrocytes and participates in the demise of neurons and astrocytes. Notably, 3-MA and Baf may have diverse effects on neural cells that extend beyond autophagy regulation to include the modulation of survival/death kinases by 3-MA. Thus, the issue of whether autophagy observed in dying neural cells reflects a death mechanism, failed adaptation, or epiphenomenon requires additional approaches to establish causality. The identification of autophagy (Atg) genes involved in specific ubiquitinlike conjugation reactions that are essential for the extension of autophagic membranes has revolutionized the field, allowing for the development of specific markers for autophagic vacuole formation and maturation and providing molecular genetic tools for knocking out or knocking down essential Atg gene products. Recently, evidence on the genetic level showing that ribonucleic acid interference (RNAi)-mediated downregulation of Beclin1 decreases infarct volume and inhibits histological injury and neurological deficits induced by focal cerebral ischemia [61] supports the present conclusion. In addition, ALP activation induced by severe HI also contributes to neuronal cell death. The direct evidence comes from neuron Atg7-deficient neonatal mice showing strong neuroprotection 7 d after HI injury [62] . The next issue we need to resolve is which modes of neural cell death ALP activation is involved in.
ALP activation is involved in cerebral ischemia-induced pure autophagic programmed cell death
The morphological characteristics of autophagic programmed cell death can be observed by electron microscopy in the adult mouse HI model by Adhami et al [11] and in a rat model of pMCAO by Qin et al [18] , suggesting that cerebral ischemia and/or hypoxia may induce pure autophagic programmed cell death (See Figure 2 for more details) .
ALP activation participates in cerebral ischemia-induced apoptosis
A defining biochemical feature of apoptosis is the requirement for caspases acting through one of two general pathways. An intrinsic pathway, commonly used by neurons, relies on mitochondria for the release of apoptotic factors (cytochrome c and Smac/Diablo) that activate the initiator caspase-9 and downstream effector caspases. An extrinsic pathway, initiated by extracellular death ligands (eg, tumor necrosis factor and Fas), activates effector caspases via the initiator caspase-8 and caspase-10 and additionally via crosstalk with the mitochondrial pathway [63] . It has been demonstrated that the activation of downstream caspase-3 is a crucial event in neuronal death following global and focal ischemia and HI in the brain. The number of caspase-3-positive and Beclin1-positive cells in the penumbra of rats challenged by focal cerebral ischemia is elevated at 6-24 h by immunohistochemical double staining. Semi-quantitative assessment shows that approximately 30% of cells in the penumbra present both the activation of caspase-3 and the up-regulation of Beclin1, indicating that autophagy and apoptosis interact with each other in the penumbra following focal cerebral ischemia [15] . An increase in Beclin1 expression colocalized with the activation of caspase-3 in neurons has also been found in neonatal cerebral HI [12] . In addition, there are dying neurons with numerous autophagosomes in their cytosol beginning 6 h after HI. However, these neurons never exhibit the morphology of pure autophagic cell death but show features of apoptosis, and cortical neurons with strong lysosomal expression (LAMP1 labeling) also express cleaved caspase-3 [13] . Furthermore, Atg7 deficiency largely prevents caspase-dependent death of pyramidal neurons in the neonatal hippocampus after severe hypoxic-ischemic injury [62] . These results indicate that the simultaneous activation of autophagic and apoptotic mechanisms can occur in the same dying neuron. Therefore, a new term of cell death "Apophagy" from apoptosis and autophagy, a kind of apoptotic cell death with a concomitant up-regulation of Beclin1 and activation of caspase-3, has been introduced [63] . Moreover, neurons presenting strong autophagic features in the border of the lesion 24 h after HI are TdT-mediated dUTP-biotin nick end labeling (TUNEL)-negative and display moderate chromatin condensation without being pyknotic, which suggests that autophagy precedes apoptosis and might even initiate apoptosis.
Ischemia-induced APL activation may cause neuronal and astrocytic apoptotic cell death through the cathepsin-caspase signaling pathway. Cathepsins are acidic endopeptidases, which belong to the papain superfamily of proteases [64] . Under physiologic conditions, their activity is restricted to the lysosomal compartment, where they participate in protein turnover by degrading unneeded proteins into amino acids [65] . It has been demonstrated that cerebral ischemia induces the release of cathepsins into the cytoplasm, where they extensively perform their proteolytic function and can promote ischemia-induced apoptosis through alterations of mitochondrial homeostasis and the activation of proapoptotic members of the Bcl-2 family [7, 8, 66, 67] . Cathepsin B possesses a caspaseprocessing activity, which mainly appears on caspase-11 and caspase-1. Caspase-1 and caspase-11 play important roles in brain ischemia by promoting both apoptotic and inflammatory processes. In addition, cathepsin B proteolytic effects Cytochrome c is a key activator of the apoptosome, which regulates the mitochondrial caspase activation pathway mediated by caspase-9 [66] . Cathepsin L can activate caspase-3, and cathepsin D can activate caspase-8. The inhibition of cathepsins leads to significant neuroprotection in a cathepsin-caspase dependent manner in the experimental model of stroke [66, [68] [69] [70] [71] . Therefore, ischemia-induced ALP activation may be involved in neuronal and astrocytic apoptotic cell death via a cathepsin-caspase dependent manner in ischemic brain injury.
On the other hand, there is a crosstalk between autophagy and apoptosis in Bcl-2 levels after cerebral ischemia. The Bcl-2 protein family was initially characterized as apoptotic cell death regulators, but it has recently become clear that they also control autophagy because they can inhibit Beclin1-dependent autophagy [72] [73] [74] . The anti-apoptotic proteins of the Bcl-2 family constitutively interact with Beclin1, which serve as inhibitors of autophagy. Bcl-2 can block caspase-independent cell death and mitochondrial degradation and the two processes involved in autophagy. In growth factor-deprived neural progenitor cells and serum and potassium-deprived cerebellar granule cells, overexpression of Bcl-2 inhibits autophagy. Our findings show that the cerebral ventricular microinjection of autophagy inhibitor 3-MA, Baf, or Z-FA-fmk, can block ischemia-induced Bcl-2 degradation in a rat model of pMCAO and suppress OGD-induced Bcl-2 degradation in primary cultured astrocytes. Taken together, ischemia-induced APL activation may cause neuronal and astrocytic apoptotic cell death via regulating Bcl-2.
Autophagy activation participates in cerebral ischemia-induced necrosis
Some suggest that autophagy blockage may interrupt the activation of the apoptotic process and switch the mechanism of cell death from apoptosis to necrosis. As mentioned above, 3-MA and wortmannin, which inhibit autophagy, significantly reduce the expression of Beclin1 and augment the number of necrotic cells in the rat model of neonatal cerebral HI, indicating that when autophagy is blocked, neurons rapidly progress toward necrosis [75] . However, a growing body of evidence reveals that autophagy is required for necrotic cell death. Recently, Samara et al have reported overlap between autophagic and necrotic cell death. Utilizing an exceptionally well-characterized and genetically tractable model of necrotic neuronal cell death in C elegans, they found that excessive autophagosome formation is induced early during necrotic cell death in C elegans neurons and that autophagy is required for neuronal necrotic cell death. Impairment of autophagy by genetic inactivation of autophagy genes or by pharmacological treatment suppresses necrosis. Autophagy synergizes with lysosomal catabolic mechanisms to further facilitate neuronal necrotic cell death. Further studies reveal that calpain protease activity is also required for necrosis in C elegans neurons and induces autophagy in neuronal necrotic cell death [76] . Taken together, activation of autophagy may be associated with neuronal or astrocytic necrotic death following cerebral ischemia. However, this still needs to be further confirmed in the many animal models of cerebral ischemia.
Autophagy is a response to necroptotic cell death
Experiments using a specific necroptotic inhibitor, necrostatin-1 (Nec-1), and one of its derivatives, 7-chloroindolenecrostatin-1 (7-Cl-Nec-1), have confirmed that necroptosis is involved in the ischemic brain injury induced by focal cerebral ischemia and neonatal HI [14, 77] . The protection effect of 7-Cl-Nec-1 is readily detectable, even when the compound is administered 6 h after the onset of cerebral ischemic injury [14] , at which point the administration of zVAD-fmk no longer decreases infarct volume [78] , indicating that necroptosis may participate in ischemia-induced delayed cell death. LC3-II is clearly induced after ischemic cerebral injury, but it does not reach its maximal level until 8 h post-MCAO, and delayed injection of 7-Cl-Nec-1 at 4 h and 6 h postocclusion still efficiently blocks the increase of LC3-II at the 8 h time point, confirming that the late induction of LC3-II in vivo indeed reflects the delayed activation of necroptosis.
In in vitro experiments, autophagy vesicles are commonly observed in necroptotic cells, leading some to propose that autophagy is an execution mechanism for necroptosis. In L929 cells, treatment with autophagy inhibitors 3-MA and wortmanin is able to partially inhibit zVAD-induced cell death. Knockdown of autophagy-related genes, such as Beclin1 and Atg7, is shown to be able to inhibit necroptosis in L929 cells [79] . However, in other cell types, this finding has not been supported. Jurkat cells, BALB/c mouse embryonic fibroblast cells (Balb c/3T3 cells), and mouse embryonic fibroblast cells (MEFs) have been extensively tested for the effect of autophagic inhibitors or the knockdown of Beclin1 and Atg5. None of these inhibitors of autophagy is able to reduce cell death [14] . Therefore, it remains to be determined if autophagy is actually a response to necroptotic cell death.
It is possible that autophagy plays dual roles in determining cell fate, depending on specific cell types and stimuli. It seems that physiological levels of autophagy caused by mild or moderate cerebral ischemia and/or hypoxia appear to be protective via the production of energy to prevent cell necrosis by catabolism and inhibit cell apoptosis by removing damaged mitochondria. However, high levels of autophagy caused by severe cerebral ischemia and/or hypoxia (focal cerebral ischemia or severe HI) may lead to self-digestion and eventual cell death (Figure 4 ).
Outlook
Initial neuroprotective clinical stroke trials primarily used antiexcitotoxic drugs to limit acute calcium-mediated injury attributable to cerebral ischemia. However, the excitotoxic phase mediated by the release of excitatory acids into the brain peaks within 1 to 2 h after ischemia, and treatments with anti-Xu M et al Acta Pharmacologica Sinica npg excitotoxic drugs are only effective when given within 1 to 2 h after focal ischemia in animal models [80] . Considering that the median hospital arrival time for stroke patients is 3 to 6 h [81] and all of the trials of antiexcitotoxic drugs have been used to treat patients up to at least 6 h after the onset of symptoms, the negative outcomes of the 35 completed trials of antiexcitotoxic agents are not surprising. In the development of new therapies, focus must be placed on targets producing long-lasting protection and efficacy even when treatments are given during or at the 4 to 6 h after symptom onset, which is when patients generally arrive at the hospital. Therefore, a promising strategy for the development of such therapeutics is to inhibit the mechanisms that destabilize mitochondria via targeting prodeath signaling upstream of mitochondrial damage. APL activation regulates neural cell death mainly through cathepsinmediated mitochondrial damage. One of the mechanisms of the regulation of neural cell death by APL activation is the activation of the cathepsin-mediated mitochondrial apoptotic pathway, and 3-MA can reduce infarct volume even when administered 4 h after ischemia onset, indicating that 3-MA may have a wide therapeutic window. Therefore, 3-MA might have the potential to exhibit long-lasting protection in the clinic, targeting APL to develop stroke therapeutics. However, more work is required to determine the requirements under which the activation of autophagy reflects a protective or harmful response in cerebral ischemia. A profound understanding of the biological effects and the mechanisms underlying ischemia-induced autophagy in neurons and astrocytes might be helpful in seeking effective new treatment for ischemic brain injury. Figure 4 . Roles of autophagy activation in neural cell sur vival and death in ischemic cerebral injury [63] . Cerebral ischemia (or hypoxia) and/or reperfusion induces the up-regulation of Beclin1 and LC3 and activates APL. APL activation either rescues the injured neural cells or induces cell death by necrosis, necroptosis, or apoptosis.
